The new anti-aging gene Klotho has been identified as a multi-functional humoral factor which influences multiple biological processes, including tumor progression. Although ample evidence indicates that Klotho plays important roles in cervical, lung and breast cancer, the role and mechanism of Klotho in thyroid cancer are still unclear. The present study aimed to investigate the effects and mechanisms of Klotho in human thyroid cancer cell lines FTC133 and FTC238. Klotho overexpression markedly reduced thyroid cancer FTC133 and FTC238 cell proliferation and enhanced apoptosis, whereas, Klotho silencing in the FTC133 and FTC238 cells increased cell growth. Moreover, soluble human KL1 (sKL) and Klotho overexpression had a similar effect on FTC133 and FTC238 cell growth. A high level of Klotho was also found to be associated with a low level of stanniocalcin 1 (STC1) in both the FTC133 and FTC238 cell lines. STC1 silencing significantly inhibited thyroid cancer cell proliferation, whereas recombinant human STC1 (hSTC1) markedly enhanced cell proliferation. In addition, our study demonstrated that hSTC1 treatment attenuated Klotho-induced inhibition of cell proliferation and promotion of apoptosis. Our data revealed the existence of a moderating effect between Klotho and STC1, where Klotho may inhibit thyroid tumor progression by inhibiting the tumor marker level of STC1.
Introduction
Thyroid cancer is the most common endocrine malignancy, and the number of new cases diagnosed worldwide has increased in the last decade (1) . Thyroid cancer is classified into undifferentiated and differentiated cancer, and the vast majority of thyroid cancers (~80%) are differentiated thyroid cancers (DTCs) (2) . DTCs consist of two cellular types: papillary thyroid cancers (PTCs) and differentiated follicular thyroid cancers (FTCs). Various effective treatments have been used for thyroid cancer therapy, such as complete thyroidectomy followed by radioiodine therapy (3) . These patients have a low mortality rate and excellent prognosis. However, a subset of patients that develops distant metastases presents with a high disease recurrence rate and poor prognosis and the disease may develop into anaplastic thyroid cancer with a fatal outcome (4, 5) . Therefore, research on the molecular mechanisms involved in thyroid carcinogenesis will facilitate the development of more effective therapy for this cancer.
Ample evidence indicates that aging is the main risk factor for cancer, and most cancers are diagnosed in individuals over 55 years of age (6) . Currently, Klotho has recently been identified as a new anti-aging gene and has gained much attention (7) . Klotho (KL), a 1012-amino acid type I single-pass transmembrane protein, is widely expressed in various types of tissues, such as brain, kidney, various exocrine and endocrine tissues, including the thyroid gland (8) (9) (10) . The Klotho gene is composed of 5 exons (8, 11) and contains an intracellular domain and an extracellular domain. The extracellular domain of Klotho is composed of two domains, KL1 and KL2, with weak homology (10) , while the intracellular domain is short (~10-amino acid long) which has no known functional domain (6) . The Klotho gene plays roles in various diseases in mice, such as arteriosclerosis, osteoporosis, endothelial dysfunction, Parkinsonian gait and cognitive impairment (12) (13) (14) . In humans, Klotho is involved in reduced human longevity and coronary artery disease (15) . Recently, Klotho was identified as a potential tumor suppressor, and ample evidence suggests that Klotho expression influences human breast, hepatocarcinogenesis, cervical and lung cancers (7, (16) (17) (18) . However, the functional role and specific molecular mechanism of Klotho in thyroid cancer remain unclear.
Ample laboratory data indicate that the Klotho gene could regulate the expression of STC1 and STC2 in the kidney (19) . Stanniocalcin (STC) is a secreted glycoprotein hormone and has two isotypes, STC1 and STC2. Human STC1 is encoded by a single copy gene which is localized at chromosome 8p11.2-p21 (20) . STC1 was originally discovered in mammals and in the endocrine glands of the kidneys, and stannius corpuscles of bony fishes (21) . STC1 is expressed in a wide variety of tissues, such as the heart, prostate, adrenal gland, lung, kidney, liver and thyroid gland (22) (23) (24) . Multiple lines of evidence show that mammalian STC1 was cloned as a cancer-related gene (25) . growing evidence suggests that STC1 expression may play an important role in human cancers, and high STC1 gene expression has been found in colorectal, breast, hepatocellular, carcinomas and thyroid cancers (26) (27) (28) (29) . In the present study, we investigated whether Klotho expression is associated with the development of thyroid cancer via regulation of STC1 protein expression. We found that Klotho overexpression significantly inhibited human thyroid cancer cell growth and promoted apoptosis, and suppressed the expression of STC1.
Materials and methods
Cell culture and transfection. Human thyroid cancer cell lines established from primary thyroid cancer (FTC133) and distant metastases (FTC238) (both from eCACC, Wiltshire, uK) were used in this study. Cells were cultured in RPMI-1640 medium (Invitrogen, Carlsbad, CA, uSA) supplemented with 5% FCS, 1% glutamine and 1% penicillin-streptomycin. Klotho-overexpressing cells were constructed with the human Klotho expression plasmid (pCDnA3.1-Klotho) using Lipofectamine 2000 (Invitrogen) following the manufacturer's instructions (30) .
Cell viability assay. Human thyroid cancer cells in exponential growth (5x10 4 cells/well) were seeded into a 96-well sterile culture plate. Cells were transfected with the Klotho vector or the control vector for 72 h. Thyroid cancer cell viability was determined using the CellTiter-Glo Luminescent Cell Viability Assay kit following the manufacturer's instructions (Promega, Madison, WI, uSA).
MTT assay. Human thyroid cancer cell proliferation was measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay according to a previously described method (6) . The thyroid cancer cells (5x10 4 cells/ well) were plated in a 96-well culture plate for 24 h. The cells were then transfected with Klotho and cultured for 72 h, and 20 µl MTT (10 mg/ml) was then added. The reaction was terminated after an additional 4 h of incubation. DMSO (200 µl) was added to the cells for 10 min. The optical density (OD) value of each well was measured at 570 nm.
Nucleosome ELISA assay for detection of apoptosis. Human thyroid cancer cell apoptosis was carried out using the nucleosome eLISA kit as previously described (31) . FTC133 and FTC238 cells were harvested. nucleosome eLISAs were performed according to the manufacturer's instructions (Oncogene Research Products, Cambridge, MA, uSA).
Caspase-3 activity assay. Caspase-3 activity was detected using the Caspase-glo ® 3/7 assay (Promega) according to the manufacturer's instructions.
Quantitative RT-PCR. Quantitative RT-PCR was performed as previously described (22) . Total RnA was isolated from human thyroid cancer cells and reverse transcribed into cDnA using SuperScript™ III Reverse Transcriptase (Invitrogen). PCR amplification was carried out by an ABI PRISM 7900 thermocycler using SyBR Premix Taq (Applied Biosystems). The following primer pairs were used for PCR amplification: STC1_F, human STC1-specific primers were forward, 5'-ATC ACATTCCAgCAggCTTC-3' and reverse, 5'-CCTgAAgCC ATCACTgAggT-3'; human Klotho-specific primers were forward, 5'-ACTCCCCCAgTCAggTggCggTA-3' and reverse, 5'-TgggCCCgggAAACCATTgCTgTC-3'. The reaction conditions was as follows: 95˚C for 5 min; followed by 40 cycles at 95˚C for 15 sec; 60˚C for 45 sec. Relative levels of gene expression are expressed relative to β-actin and calculated using the 2 -∆∆CT method (32) .
Western blot analysis. Proteins were collected from the cells transfected with the Klotho vector or the control vector. Cells were washed in PBS and lysed using RIPA lysis buffer. The concentration of protein was measured using the BCA kit. Samples (40 µg) were subjected to SDS-PAge and transferred to Immobilon-P Transfer Membranes (Millipore). Western blot anlaysis was conducted using the following primary and secondary antibodies: rabbit anti-Klotho polyclonal antibody, rabbit anti-STC1 polyclonal antibody, mouse anti-β-actin monoclonal antibody, HRP-conjugated rabbit anti-mouse Igg and HRP-conjugated goat anti-rabbit Igg. Bands were visualized using an electrochemiluminescence kit (Immulite Pyrilinks-D; Diagnostic Products Corporation, Los Angeles, CA, uSA). Antibodies used in this study were all obtained from Abcam (Cambridge, MA, uSA). Statistical analysis. Results from at least three independent experiments are presented as the mean ± SD. Statistical comparisons were performed using one-way AnOVA and Dunnett's test. All analyses were performed using SPSS 13.0 software (SPSS, Chicago, IL, uSA).
Results

Overexpression of Klotho inhibits thyroid cancer cell survival and proliferation.
Cell proliferation plays a crucial role in tumor progression and can regulate the fate of tumors at any given time (30) . Thus, in order to determine whether Klotho gene and protein expression is associated with thyroid cancer cell survival and proliferation, we constructed Klothooverexpressing cells using pCDnA3.1-Klotho plasmids. As shown in Fig. 1A -D, the mRnA and protein expression levels of Klotho in the FTC133 and FTC238 cells were markedly increased after pCDnA3.1-Klotho transfection. FTC133 and FTC238 cells were transfected with pCDnA3.1-Klotho or control pCDnA3.1, and then the cell viability was assessed by MTT assay. Klotho expression significantly inhibited FTC133 and FTC238 cell survival, and decreased FTC133 and FTC238 cell proliferation ( Fig. 1e and F) .
Mounting evidence suggests that Klotho may be shed and could act as a circulating hormone, and it has been demonstrated that soluble Klotho and conditioned medium derived from Klotho-overexpressing cells are both active (9, 11, 34, 35) . Therefore, FTC133 and FTC238 cells were next treated with 0.008 pmol/l soluble human KL1 (sKL; PeproTech Inc.). sKL was found to reduce the viability and proliferation of the FTC133 and FTC238 cells by 73 and 58%, 69 and 56%, respectively (P<0.05, Fig. 1e and F) . The results showed that Klotho and sKL both significantly inhibited the survival and proliferation of the FTC133 and FTC238 cells.
Overexpression of Klotho increases the apoptosis of thyroid cancer cells.
We next performed nucleosome eLISA assay to assess the apoptosis of the FTC133 and FTC238 cells. The results revealed that both the Klotho-transfected and sKL treatment group exhibited more apoptotic cells when compared to that of the control group (P<0.05, Fig. 2A ); no significant difference was noted between the pCDnA3.1 and control group (P>0.05, Fig. 2A) . We next determined the activity of caspase-3 in the different groups using the Caspase-glo ® 3/7 assay. The activity of caspase-3 was much higher in the Klotho-transfected and sKL treatment group when compared with that of the control group (Fig. 2B) . The results indicated that Klotho and sKL both significantly promoted FTC133 and FTC238 cell apoptosis.
Loss of Klotho increases human cancer cell growth and inhibits cell apoptosis.
We next investigated the effects of Klotho knockdown on the growth and apoptosis of thyroid cancer cells. To decrease the expression of Klotho protein, thyroid cancer cells were transfected with Klotho siRnA (siKL) or control siRnA (siMock). RT-PCR and western blot analysis results showed that Klotho expression in the thyroid cancer FTC133 and FTC238 cells was markedly decreased following siKL transfection (P<0.05, Fig. 3A and B) , whereas there was no significant difference between the siMock group and control group (P>0.05). Moreover, cancer cell proliferation was markedly increased in the siKL-transfected cells compared with the cell proliferation noted in the control and siMock groups (P<0.05, Fig. 3C ). Simultaneously, cell apoptosis was also measured. The results showed that siKL transfection significantly inhibited the apoptosis of the FTC133 and FTC238 cells when compared to the apoptosis noted in the control group, whereas siMock transfection had no obvious effect on cell apoptosis (Fig. 3D) . Klotho inhibits STC1 expression in thyroid cancer cells. STC1 is a secreted glycoprotein hormone and a molecular marker for micrometastases of various human cancers, including thyroid cancer (27) . yahata et al showed that the Klotho gene regulates the expression of STC1 and STC2 in the kidney (19) . To further detect the mechanism of Klotho-induced thyroid cancer cell apoptosis and growth inhibition, the effects of Klotho on the expression of STC1 and STC2 in thyroid cancer cell lines FTC133 and FTC238 were analyzed. RT-PCR and western blot analysis showed that STC1 mRnA and protein expression levels were significantly decreased in the Klothooverexpressing and sKL-treated thyroid cancer cell lines compared with the control group (P<0.05, Fig 4A and B) . There was no obvious difference between the control group and control pcDnA3.1 vector group (P>0.05, Fig. 4A and B) . Since STC1 is a secreted glycoprotein hormone, we also determined the protein expression of STC1 in cell culture medium. The results revealed that the secretion of STC1 in the Klotho-overexpressing and sKL-treated thyroid cancer cell lines was much lower than the secretion in the control group (P<0.05, Fig. 4C ).
STC1 silencing inhibits cell growth and promotes cell apoptosis.
Thyroid cancer cells were transfected with STC1 siRnA (siSTC1) or control siRnA (siMock), and the level of STC1 in the FTC133 and FTC238 cells was determined by RT-PCR and western blot analysis, respectively. As shown in Fig. 5A and B, STC1 mRnA and protein expression was significantly decreased in the siSTC1-treated thyroid cancer cells compared with that noted in the control and siMock groups (P<0.05). We also observed that STC1 silencing markedly inhibited FTC133 and FTC238 cell proliferation and induced cell apoptosis (Fig. 5C and D) . To further ascertain whether STC1 is involved in Klotho-induced cell apoptosis, thyroid cancer cells were treated with 5 µl recombinant human STC1 (hSTC1, 0.5 µg/µl; BioVender Research and Diagnostic Products, Czech Republic). The results showed that hSTC1 treatment significantly promoted FTC133 and FTC238 cell proliferation and inhibited apoptosis. Moreover, hSTC1 treatment attenuated Klotho-induced inhibiiton of cell proliferation and promotion of apoptosis ( Fig. 5C and D) . These results indicate that Klotho inhibits cancer cell growth and induces apoptosis which is partially dependent on the downregulation of STC1 expression.
Discussion
It has been reported that STC1 is highly expression in several human tumors, including colorectal, breast, hepatocellular carcinomas and thyroid cancers (26) (27) (28) (29) . Klotho is known to regulate the expression of STC1. Mice deficient in Klotho expression exhibit increased renal gene expression of STC1 and STC2 compared with wild-type mice (19) . Moreover, the level of Klotho was found to be downregulated in breast, lung, colon, pancreatic, gastric and cervical cancer (36) (37) (38) . Although evidence suggests that Klotho acts as a tumor suppressor in numerous cancers (39) , little is known concerning its potential effect on thyroid cancer.
We reported here that overexpression of Klotho in the thyroid cancer cell lines FTC133 and FTC238 resulted in a decreased capacity for cell proliferation and an increased capacity for cell apoptosis. To further demonstrate the effects of Klotho overexpression in FTC133 and FTC238 cells, caspase-3 activity was determined using the Caspase-glo 3/7 assay. Klotho may be shed and acts as a circulating hormone, and it has been demonstrated that soluble Klotho and conditioned medium derived from Klotho-overexpressing cells are both active (9, 11, 34, 35) . We also found that treatment with 0.008 pmol/l sKL significantly reduced cell growth and promoted cell apoptosis. Loss of Klotho resulted in the promotion of thyroid cancer cell proliferation and inhibition of apoptosis. These results indicate that Klotho plays an important role in thyroid cancer.
Yahata et al showed that the Klotho gene regulates the expression of STC1 and STC2 in the kidney (19) . Moreover, STC1 is upregulated in many cancers, including thyroid cancer. STC1 is an endocrine hormone firstly discovered from bony fishes, and is also expressed in mammals (40) . There is mounting evidence that the mammalian STC1 gene is widely expressed in many tissues at different levels (mRnA or protein), and may play a different function. Moreover, evidence suggests that altered patterns of STC1 expression are tightly involved in the development of cancer (26) . The present study showed that Klotho overexpression markedly inhibited the expression of STC1 in thyroid cancer FTC133 and FTC238 cells, which corroborated the findings reported in the literature. In addition, FTC133 and FTC238 cells transfected with siKL showed a marked increase in the expression of STC1. We next established STC1-silenced cells by STC1 siRnA. The results showed that STC1 knockdown induced the inhibition of proliferation and the promotion of apoptosis in the FTC133 and FTC238 cells. These results suggest that the effects of Klotho on FTC133 and FTC238 cell growth are dependent on the level of STC1. STC1 is a secreted glycoprotein hormone, and we observed that hSTC1 significantly inhibited Klotho overexpression-induced cell apoptosis. These data suggest that Klotho inhibits thyroid cancer cell proliferation and induces cell apoptosis dependent on STC1.
The present study also had several limitations. The detailed molecular mechanism of Klotho-mediated cell proliferation and apoptosis remains unclear. Furthermore, Klotho-induced cell apoptosis was only tested in thyroid cancer cell lines FTC133 and FTC238; it will require further validation in other types of thyroid cancer cell lines and in animal models. In summary, our study provides initial evidence that Klotho inhibits human follicular thyroid cancer cell growth and promotes apoptosis through regulation of the expression of STC1, and may be a new target for thyroid cancer treatment. 
